The effect of most usual kinds of mechanical treatment on marble, such as drilling, grinding, and polishing, has been systematically investigated with electron-paramagnetic-resonance (EPR) spectroscopy. Two different major effects have been observed: the decrease of Mn2+ and the creation of several kinds of lattice defects. Drilling can cause a drop in the intensity of Mn2 + by 50% and at the same time create a high concentration of lattice defects. The most characteristic is a defect, with a pair of peaks at g = 2.0003 and 1.9997, created and filled with electrons simultaneously. The causes, nature, stability, and sensitivity to y irradiation of the two effects have been investigated. For the filling of the above defects with the mechanical action a model has been proposed. This involves another, EPR-silent, defect that stores electrons by ionizing radiation during the geological age of marble and transfers a number of them by the mechanical treatment to the newly created defects. Another pair of defects (g = 2.0069 and g = 2.0059) has also been observed to be mechanically induced but not filled by the mechanical action. These are filled only by ionizing radiation. The reduction in the Mn' + signal is caused by the pressure exerted on the grains during the mechanical treatment, destroying the crystal symmetry and probably causing jumping out of Mn2 + ions from their normal crystal symmetry sites. The decrease of the Mn2 + sextet with drilling causes great concern to provenance studies of ancient marble artifacts that are based on the intensity of the Mn2 + peaks. Finally, the polished surfaces of a number of ancient artifacts have been-investigated for possible detection of absorbed radiation.
(Received 22 October 1991; accepted for publication 10 February 1992) The effect of most usual kinds of mechanical treatment on marble, such as drilling, grinding, and polishing, has been systematically investigated with electron-paramagnetic-resonance (EPR) spectroscopy. Two different major effects have been observed: the decrease of Mn2+ and the creation of several kinds of lattice defects. Drilling can cause a drop in the intensity of Mn2 + by 50% and at the same time create a high concentration of lattice defects. The most characteristic is a defect, with a pair of peaks at g = 2.0003 and 1.9997, created and filled with electrons simultaneously. The causes, nature, stability, and sensitivity to y irradiation of the two effects have been investigated. For the filling of the above defects with the mechanical action a model has been proposed. This involves another, EPR-silent, defect that stores electrons by ionizing radiation during the geological age of marble and transfers a number of them by the mechanical treatment to the newly created defects. Another pair of defects (g = 2.0069 and g = 2.0059) has also been observed to be mechanically induced but not filled by the mechanical action. These are filled only by ionizing radiation. The reduction in the Mn' + signal is caused by the pressure exerted on the grains during the mechanical treatment, destroying the crystal symmetry and probably causing jumping out of Mn2 + ions from their normal crystal symmetry sites. The decrease of the Mn2 + sextet with drilling causes great concern to provenance studies of ancient marble artifacts that are based on the intensity of the Mn2 + peaks. Finally, the polished surfaces of a number of ancient artifacts have been-investigated for possible detection of absorbed radiation.
I. INTRODUCTION
Several peaks are known to occur in the electron-paramagnetic-resonance (EPR) spectra of natural marble powders. The Mn2 + sextet, dominant in the spectra, other peaks due to lattice defects, and organic radicals have all been used in the persistent effort to characterize marble quarries for determining the provenance of ancient monuments and artifacts. I4
In the course of our investigation of Greek marblesJt6 it was noticed that at least two signals, a strong one (g = 2.0003) and a weak one (g= 1.9997), were present in the spectra of all samples taken with a drill, but not in those crushed and ground by hand in an agate mortar. In the same time the intensity of the Mn2 + signal recorded in the spectra of drilled powder was considerably lower than that of the same ground sample.
The only previously reported effect of mechanical treatment in calcitic material, other than marble, is the occurrence of the peak at g = 2.0002 ( f 0.0001) in the EPR spectra of ground samples after irradiation. This signal has been interpreted as due to surface defects produced by the mechanical action of grinding and'filled with electrons upon subsequent irradiation.7-'0 An acid treatment has been suggested for preventing the effect. This peak was reported" as unstable and connected with another shortlived one at g = 2.0030. The development of a second peak at g = 1.9996 was also observed" in irradiated coralline calcite and characterized as an axial component of the peak at g = 2.0003.
Single mechanical treatment was reported not to alter the EPR spectra of calcium carbonate, though it does produce EPR-detectable signals near the surface of various other materials such as silicon, germanium, quartz, diamond, and magnesium oxide.13 In particular, for MgO a decrease in the Mn2 + signal was also observed. Similar signals were induced in the spectra of tooth enamel by grinding with a diamond wheelI and in graphite by milling. l5 The g values of all these EPR signals are different from those detected in drilled marble powders, but they are similarly induced without irradiation, by mere mechanical treatment.
The tendency of calcite and marble to generate phenomena associated with mechanical treatment is manifested in their triboluminescence properties '"" and has also been extensively-studied by thermoluminescence (TL). '9-24 The purpose of this work is to investigate in detail the nature of the intense peak at g = 2.0003 and any associates that occur in the EPR spectra of drilled marble; also, to investigate the conditions under which these peaks occur and the influence of working on the Mn' + signal of marble. The signals of the drilled samples are compared to those occurring in ground irradiated samples and also on polished marble surfaces. Finally in an attempt to investigate the surface finishing effect, the EPR spectra of modern and ancient marble artifacts are examined.
II. MATERIALS AND EXPERIMENTAL TECHNIQUES
A. Samples A representative selection of white and white-grey marble samples from quarries in Greece was used: NXAPS, NXMDl from Naxos, PRLX7, PRLXS, PRMD2 from Paros, PE9 from Penteli, and NXPN2, a low metamorphic grade marble, from Naxos.
Due to restoration works at the Parthenon, an important sequence of powdered samples from this monument was obtained, two of which were included in this study (code numbers AI'2 and NAI').
Pieces of ancient marble artifacts, namely PATl, 2, 3, 4, and 5 with marks of carving and polishing on their surface were also measured. The EPR spectra were obtained at room temperature, with a Bruker ER-200D spectrometer equipped with a nuclear-magnetic-resonance (NMR) Gaussmeter ER-035M and a microwave frequency counter Anritsu MF 76A. The Mn" + sextet was recorded in a sweep width of 3065-3665 G, a modulation amplitude of 0.4 G per point, and a microwave power of 7.9 mW. The peaks around g = 2.00 in a sweep width of 3340-3390 G, the same modulation amplitude and a microwave power of 0.8 mW. The intensity of Mn2 + is calculated as the height of the first low-field peak. All peak heights are normalized to a gain of 106. For the heating experiments a Heraeus ROF-750 tube furnace with a Thermicon P temperature controller was used. The samples were heated at a rate of 3.3 "C/min, remained for 1 h at the peak temperature and cooled at the same rate.
C. Irradiation
A 6oCo source of y irradiation was used with a dose rate of 0.738 75 krad/min. The samples were relaxed for 2 weeks before measurement.
III. RESULTS AND DISCUSSION
ho.02 G, and a weak one at g = 1.999 72 (hO.000 OS), AH = 0.35 +0.02 G. No such peaks are present in the natural ground sample. Another difference is the considerable decrease of the Mn2 + intensity in the drilled sample compared to the ground one. However, no change is observed in the hyperfine splitting of the sextet. These two effects, i.e., the appearance of the new central peaks and the decrease of Mn" + in the drilled sample, seem to be general features irrespective of the kind of marble, grain size, or place of origin as can be seen in Table I . The amount of decrease in the intensity of the Mn2+ with drilling, ranging from 37%~59%, is not related to its initial intensity. In A. Conditions for occurrence of the drilling effects Marble samples for provenance determination are measured with EPR in powder form.6 The bulk samples from the quarries are crushed and ground by hand in an agate mortar. However, for the sampling of ancient monuments or artifacts drilling is preferred in order to avoid visible damage to the objects. Drilling is widely used for sampling, although it does cause interferences to measurements with other techniques, such as neutron activation analysisz5 and thermoluminescence.26 Figure 1 shows two powder spectra of the same piece the same table the intensities of the drilling peak at g = 2.0003 are shown. Measurements of the intensity of the weak drilling peak at g = 1.9997 are unreliable due to overlapping with the strong one at g = 2.0003 and for this reason are not shown. In order to investigate the various conditions under which this phenomenon occurs, we used different drill bits and different speeds of drilling. In addition, samples were drilled in a nitrogen atmosphere and also inside iced water. Variations occurred in the intensity of the peak at g = 2.0003 and in the decrease of Mn'? but the combined drilling effect was present under all conditions. The results from all these experiments together with the results of Table I are plotted in Fig. 2 . They indicate a correlation between the peak height of the drilling peak and the percent decrease of Mn' + , pointing either to a connection between the two effects or simply to their common origin, which may well be the-degree of mechanical treatment.
The use of different drill bits, corundum, tungsten carbide, and stainless steel (points HC, HT, and HS in Fig. 2 ) do not differentiate significantly the effect, which therefore seems unrelated to the electrical properties (i.e., insulator, conductor) or hardness of the drill bit. On the other hand, lowering the speed of drilling, but keeping the same bit, tends to lower both the height of the peak at g = 2.0003 and amount of decrease in &In2 + (compare points HS with LS in Fig. 2 ). Furthermore, samples drilled inside iced water (points W in Fig. 2 ) exhibit the smallest recorded values for both parameters. Water acts as a cooling agent, but at the same time it acts as a lubricant reducing the effect of pressure and friction.
In order to eliminate any possible chemical reactions, such as oxidation of the I@ + from the atmospheric oxygen, the sample PRLX7 was drilled in a glovebox after flashing with Nz for 15 min. The effect is not much different from other drillings of the same sample in air (compare point N and points A in Fig. 2 ) excluding thus the oxidation mechanism from a possible cause for the decrease of the Mn2 -t-and the rise of the peak at g = 2.0003. Finally, in Fig. 2 the parameters from a sample powdered in a motorized agate mortar for 1 h (point M) are plotted. It is evident that this long mechanical treatment in the mortar introduces effects similar to a few seconds of drilling. These results relate basically the intensity of the effects with severeness of the mechanical treatment. Mechanical treatment effects are expected to be superficial and therefore intense in smaller grains with increased surface-to-volume ratio. Table II(a) shows the results for different grain sizes separated from the drilled marble sample AI'2 from the Parthenon. Surprisingly enough there is no dependence on the grain size. The variations observed in the intensity of Mn2 + and the peak at g = 2.0003 between the very fine grains ( < 15 pm> and the larger ones ( 180-63 pm> are well within the error of the measurements ( *8%). Table II (b) shows the results of etching with a 0.08 N solution of acetic acid for the 180-63 ,um grains. It is estimated that after the second etching, a layer of more than 20 ,om was removed from the surface of the grains. In spite of this deep etching the peak at g = 2.0003 was still detectable and the Mn2 + intensity was not restored anywhere near the original value of the ground sample.
All the above results in combination indicate that the drilling effects must be due to high-pressure shocks, which create crystal damage quite deep below the surface of the grain.
In order to clarify the contribution of pressure to the drilling effect, ground powder was submitted to axial pressure of 1.3 GPa for less than 30 s. The grains were compressed and then ground to powder again. Although friction could not be totally eliminated the marble powder in this 'experiment was mainly affected by pressure. Indeed, the spectrum of the compressed marble looks very similar to that of the drilled one. The parameters are plotted in Fig. 2 (point P) . The pressure of-l.3 GPa was selected as the highest value before any changes in the hyperfine splitting of the Mn'+ sextet occur in calcites.27*B
Finally, x-ray-diffraction (XRD) patterns of both drilled and ground powders showed no transformation to aragonite as has been reported to occur with intense grinding of calcite.29
investigation of the nature of drilling and grinding defects
Variation of the microwave power of the EPR spectrometer showed that the pair of peaks (g = 2.0003 and 1.9997) occurring in the drilled samples exhibits a maximum in intensity at low power, around 0.45 and 0.09 mW, respectively, as expected for lattice defects other than paramagnetic ions. Exactly the same behavior is shown by the peaks with the same g values, which also occur in the ground samples after irradiation. This denotes that the same kind of defects are created by both drilling and grinding in marble.
lrradia tion expsrimen ts
Figure 3 (a) shows the increase in the intensity of the peak at g = 2.0003 with additive y dose for the drilled sample. The same peak appears in the sample ground in a mortar after irradiation of 1 krad y dose and develops further upon subsequent additive irradiation as shown in Fig. 3 (b) . The experimental data for the drilled sample are fitted to a theoretical equation of the form I = (1, -Iin) (1 -e -cD) + Ii,, where I is the peak intensity for dose 0, Ii, is the initial peak intensity, proportional to the defects filled by the drilling action (here 1i, = 9.4AO.9 units), 1, is the maximum intensity, proportional to the total number of existing defects that can be filled with the given dose rate, and c is the sensitivity coefficient.30 In the case of the ground sample, where no initial peak exists, the experimental data are fitted to the equation I = lo( 1 -e -cD). From the above fits the values obtained for the constants areIo=3542*306andc= (8.5*0.9)X10-3krad-'for the drilled sample and IO = 184.6*15, c= (14.4%2.) X 10 -3 krad -' for the ground powder of the same sample.
These results indicate that both drilling and grinding create defects in marble, but a number of them are also filled during drilling, something that does not happen during grinding. Furthermore: the total number of defects created by the drilling action (denoted by IO) is approximately 20 times higher than that created by the grinding, emphasising the extensive mechanical impact of the drilling action on the marble grains. From the above results it appears that the ground sample exhibits a higher sensitivity or trapping probability per unit dose to y irradiation (higher c coefficient). There is no obvious explanation for this, but one possibility could be the creation with drilling of a large number of different kinds of defects that compete with the center of g = 2.0003 for the trapping of electrons during irradiation. Other peaks, which begin to develop in the drilled marble powder above 5 krad of y irradiation and in the ground above 50 krad prove that other defects do exist and their concentrafion is higher in the drilled sample. These peaks are at g = 2.0069 (AH = 1 G), g =2.0059
(AH= 1 G), g=2.0031 (AH= 1 G), g =2.0023 (AH= 0.5 G), g=2.0017 (AU= 0.5 G), g = 2.0012 (AH=O.4 G), and g= 1.9957 (AH=O.5 G) (Fig. 4) .
The pair of peaks at g = 2.0069 and 2.0059 is never present in unirradiated samples and becomes very intense with high doses of irradiation. Additionally, neither of the peaks develops if the bulk sample is irradiated before drilling or grinding, not even at 400 krad, proving that the defects are induced by the mechanical action and not by ionizing radiation.
The other peaks at g = 2.0031, g = 2.0017, and g = 2.0023, occurring with irradiation in all cases, are probably related to centers created by the high doses of ionizing radiation and unrelated to mechanical damage. In this region peaks due to the carbonate radicals are known to occur.3'
The Mn2+ spectrum is totally unaffected by y irradiation even at doses as high as 400 krad. This indicates that there is no connection between Mn'+ and the peak at g = 2.0003.
Heating experiments
A set of isochronous and isothermal heating experiments were performed in order to study the stability and the behavior of the mechanical treatment effects. shows the isochronous results at elevating temperatures for the intensity of the peak at g =-2.0003 in the drilled sample together with that of the same peak induced by 5 krad of y irradiation in the ground sample. Their behavior is practically identical, indicating once more that the same defect is created by drilling or grinding of the marble sample. The general shape of the curves in annealing behavior of a lattice defect, most probably an electron center (g value smaller than that of the free electron), where a recombination of the electrons with hole centers occurs. The intensity of the peak takes approximately 150 "C! to drop to zero (250-350 "C) in spite of the prolonged heating ( 1 h at each temperature). This fact indicates that the stability of the peak at g = 2.0003 is remarkable compared to radiation-induced signals in calcites, such as the well-known g = 2.0007 used for electronspin-resonance (ESR) dating, which is completely annealed by 250 "C and at shorter times."732
For the isothermal experiments two characteristic temperatures were chosen: 192 f 5 "C, which is at the plateau region of Fig. 5 , and 275 f 5 "C, which is well within the descending part of the curve. Figures 6(a) and 6(b) show the first 500 h and 1400 min, at these two temperatures, respectively. There is a quick initial rise, in the first 2 h at 192 "C and 10 min at 275 "C, which can be tentatively explained by changes in the tube filling factor due to drying of the powder. However, the most interesting part of these curves is the decreasing region, because it exhibits two different rates at both temperatures. The rate of decrease is rather fast in the beginning, but it then becomes very small, tending to an asymptotic behavior. The half-lives of the decay at 192 and 275 "C are approximately 900 h and 320 min, respectively. Attempts to fit the data for the decreasing part of the curves to the common first-order decay equation 1 = 1,,e-kr was far from satisfactory. For this reason other equations were tried, such as the second-order kinetics I = l/(kt -l/r,>, the equation for a system of two components near equilibrium
and the sum of two exponential decays pIoe-kt+I'e-"'t 0 *
The latter produced the best fit but the constants calculated indicated that this was a mathematical fit without physical significance. The above suggest a quite complicated mechanism of recombination which most probably involves charge-transfer correction with other EPR-silent defects. This complicated behavior of peak decrease prohibits any reliable calculation of the activation energy of the traps from the two graphs of Figs. 6(a) and 6(b).
Diffusion and stabilization of defects at deeper energy levels with prolonged heating, suggested to explain thermoluminescence phenomena," seem improbable as this process would lead to a change in the g value of the peak, which is not observed. Equally, a stimulated fast rate of recombination during the early stages of heating, by a deformed lattice stress-releasing mechanism,20 is not probable because it could not explain the flattening part of the curve at the later stages.
The heating experiments, apart from the information they provide for the nature of the peaks and the recombination mechanisms, prove beyond doubt that the defects created by drilling and grinding are very stable or become stable with time. This is further emphasized by remeasuring the drilled and irradiated ground powders kept at room temperature and exposed to diffused sunlight for more than 1 year. No change in the peak heights were observed contradictory to the results for the grinding peak '(g = 2.0001) in calcites."
As for the intensity of the Mn" + sextet, it remains constant throughout the whole temperature range, providing further evidence that there is no transfer of charge from the drilling peaks to Mn' + or vice versa.
Combined heating and irradiation experiments
Table III summarizes the set of 11 combined experiments that were performed in order to fully explore the mechanism that creates the paramagnetic center at g 4864 J. Appl. Phys., Vol. 71, No. 10, 15 May 1992 = 2.0003 (accompanied by g = 1.9997) and causes the decrease in the Mn2 + signal during drilling. The reference EPR spectrum is that of the sample ground by hand in an agate mortar produced in experiment 1 from the bulk natural marble piece. Experiment 3 is most interesting as it shows that, when the piece is preheated at 350 "C! and then drilled, the drilling peak does not appear. This result points to the existence of electrons trapped in another defect which had stored electrons during the geological age of marble and which feed the peak at g = 2.0003 during drilling. These defects are emptied during the preheating of marble at 350 "C! and therefore cannot provide electrons to the peak at g = 2.0003 by the mechanical action.
Experiment 4 is again a preheated piece of marble that is afterwards irradiated with 5 krad of y irradiation and then drilled. It shows that the irradiation stores a number of electrons in the geological defects which are now able to feed the defects produced by drilling. A small peak at g = 2.0003 is thus appearing in the drilled sample.
Experiments 5 and 6 start from a piece not heated but irradiated with 5 krad, in order to increase the originally stored electrons, and then ground in a mortar or drilled respectively. No peak develops during grinding but there is a higher one during drilling. At much higher doses (above 100 krad) a small peak is produced even with grinding but a much larger occurs with drilling.
Experiments 7-11 show that the defects produced by drilling and grinding are similar and completely annealed by 350 "C. The lattice seems completely reorganized and the defects eliminated. Also, no irradiation can restore the peak.
As far as the Mn'+ is concerned, it is clear that it decreases every time drilling is involved irrespective of heating or irradiation, proving once more the independence of this phenomenon from the development of the g = 2.0003 peak.
C. Polishing defects on the surface of marble Powdering marble by drilling or grinding at&&s the entire surface or even the whole volume of the grain, while polishing affects a smaller part of each grain by smoothing only its edge. Thus it is very intriguing to find out whether EPR is able to detect this subtle difference between polished and unpolished marble.
For this reason three pieces having freshly exposed surfaces were prepared from the same sample. The surface of the first piece was polished with a metal file, the second with an emery stone and the third was left unpolished. Each sample was then broken in two halves and one-half was irradiated with 5 krad of y irradiation. Then flakes smaller than 1 mm thick were removed with a chisel from the surface of interest, gently ground, and measured.
The results are summarized in Table IV , together with the ground and drilled samples for comparison. It can be seen that Mn 2 + does not show any appreciable decrease. The variation in intensity is within the experimental error. The peak at g = 2.0003 appeared only very weakly in the sample polished with the metal file. After irradiation the peak grew to a value comparable to that of irradiated ground sample, indicating the creation by polishing of a variable number of defects on the surface.
In Table IV the results obtained from a modern marble figurine, formed with a lathe and polished on the surface with an automatic metal wheel brush, are also shown, It is clear that polishing in this case alone produces the characteristic peak without any associated decrease in Mn2 + . The intensity of the peak approaches that of the ground sample after y irradiation with 5 krad, but not that of the drilled sample.
The above results indicate that polishing of the surface of the marble by hand produces similar effects to the grinding of a sample in an agate mortar while automatic, more extensive polishing may be equivalent to severe grinding producing the peak at g = 2.0003. The nonevident decrease in the Mn2 + may be explained by the lack of enough pressure on the marble during polishing to cause any appreciable effect on Mn2 + .
However, since the degree of polishing and the ratio of polished surface area to the total volume of the extracted marble flakes is not reproducible quantitative deductions cannot be readily made.
The drilling procedure is surely a complex combination of pressure, slipping, fracture, friction, heating, chemical reactions and piezoelectrism as witnessed by triboluminescence and related phenomena.i6*'s Thus, the exact mechanisms responsible for the creation of new EPR peaks and the dramatic lowering of the Mn" + spectrum of marble cannot be easily resolved. However, the experimental results described earlier allow one to suggest the most probable processes.
First of all, it was clearly shown that the two phenomena are not connected, contradictory to observations for Mn* + in Mg0.13 Independent mechanisms for the decrease of Mn2 + could possibly be oxidation to Mn3 + or Mn4+ with oxygen, along the freshly fractured surfaces, but this has been ruled out by the drillings in a N2 atmosphere and in water. In addition the etching experiments showed that the decrease of the Mn"+ is not a surface phenomenon but occurs practically throughout the grain.
Therefore, a mechanism associated with crystal damage can be proposed as a result of pressure or heating, the latter being ruled out by our results. On the contrary direct evidence for the pressure effect was provided by the application of 1.3 GPa of static pressure on marble grains which decreased the Mn2+ intensity by 50%. Hennig and Grun33 also reported-a decrease in the Mn2 + spectrum in "calcite following a compression of 0.98 GPa for 3 min. Thus it can be deduced that the drilling action is associated with the development of a high localized pressure. High stresses can be applied locally for cutting the grains from the bulk material with the drill and then squeezing them multiple times between the drill bit and the walls of the bore hole.
Pressure causes deformation of the crystal lattice in calcite which obviously affects the Mn2+ spectrum. However, the deformation was reported to change the hyperfine parameters, 27'28 something that was not observed in the drilling of marble. One can then assume that the effect must be such as to cause a total loss of symmetry around approximately half of the Mn2 + ions resulting in an equivalent drop in the intensity of the spectrum. Alternatively and most probably, pressure could induce jumping out of Mn" + ions from their normal symmetry sites to interstitial positions, creating at the same time Frenkel defects. This movement eliminates the contribution of these atoms to the total Mn*+ spectrum. The extent to which this phenomenon occurs depends on the severeness of the mechanical treatment (Fig. 2) which evidently results in higher or lower localized compressions.
As far as the new peaks developing in the EPR spectra of powdered marble are concerned, it is clear that a number of different kinds of defects are created by the mechanical treatment. They are actually two characteristic peak pairs, one at g = 2.0069, g = 2.0059 and the other at g = 2.0003, g = 1.9997. According to their g values the pair with the higher values must be due to holes and the other to trapped electrons. The peaks at g = 2.0069 and 2.0059, though not studied in detail, appear only in strongly irradiated drilled and ground powders. They must be associated with defects such as dislocations, positive ion vacan-ties, or interstitial ions created by strong (drilling) or weak (grinding) mechanical action but are not filled by it. On the other hand, the peaks at g = 2.0003 and g = 1.9997 are of special interest, because the defects associated with them are created by mechanical action but in the case of drilling (more intense mechanical treatment), a fraction of them is simultaneously filled with electrons. These defects are created very easily by both grinding and drilling, the latter producing a much higher concentration and to a considerable depth (Table II) . It is indeed very difficult to avoid creating these defects in marble with any mechanical treatment. The results of the light surface polishing (Table  IV) especially provide evidence for the sensitivity of the marble to crystal damage. In addition, the fact that the automatic polishing acts like the drilling by tilling the defects as well, without the simultaneous decrease of Mn2 + , suggests that strong pressure is not necessary to produce them.
defect. It can then be suggested that when the rate of emptying of g = 2.0003 slows down with time, it becomes almost equal, especially at 192 "C, to the rate of filling from the hidden defect. This slower rate of emptying of the hidden defect would mean that its activation energy is larger than that of the peak at g = 2.0003.
Based on the above results, we would like to propose a model for the filling of the g = 2.0003 and 1.9997 defects during drilling or generally intense. mechanical treatment (motorized grinding, heavy pressure). There must be existing in marble other defects, EPR silent, that trap electrons during the geological age of marble. These are activated during drilling by either piezoelectric effects or triboemitted photonsi and transfer their electrons to the newly created mechanical defects, thus producing the characteristic peaks at g = 2.0003 and g = 1.9997. This model is supported especially by the combined heating and irradiation experiments (Table III) . It was shown there that when the marble piece was preheated at 350 "C no peak occurred during drilling (experiment 3). This suggests that these hidden defects are emptied during heating and cannot provide electrons to the g = 2.0003 defect. Furthermore, when the piece of marble after heating at 350 "C! is given 5 krad of y irradiation and then drilled, a small peak at g = 2.0003 appears again, indicating that irradiation restores a number of electrons to the hidden defects which are not obviously destroyed by heating at 350 "C. Also, preirradiation of the bulk sample without any heating and then drilling, produces a higher than normal g = 2.0003 peak.
Comparison with the most recent thermoluminescence results on single-crystal and crushed calcite2* provides interesting information. It was observed with (TL) that the three glow peaks, related to Mn impurities in calcites, were reduced considerably by crushing. This agrees very nicely with our results for the reduction of Mn' + in marble. Furthermore, one of the explanations proposed for the reduction in the TL peaks was the migration of the Mn ions induced by the mechanical treatment. This is also in accordance with our results, suggesting a migration or jumping-out mechanism for the reduction of the Mn2+ signal in the drilled samples. On the other hand it is not so trivial to correlate the broad TL glow peak at 200 "C!, which occurs after crushing in calcites22 with the g = 2.0003 and 1.9997 pair in marble, although their thermal behavior is very similar.
V. POLISHED ANCIENT ARTIFACTS
The authenticity of ancient marble sculptures is very difficult to judge and up to now it has been based on the analysis of the patinas and the weathering crusts.34 However, as shown earlier the polishing of the marble surface creates a great number of defects, which can be detected by the EPR technique. As these defects are radiation sensitive, they could be potentially used as a monitor of the radiation absorption history of the sample.
In an attempt to explore this possibility, polished surfaces from ancient samples PATl, 2, 3,4, and 5 have been measured in the same way described in Sec. III C. Unfortunately, the peak at g = 2.0003 was not observed in any of the spectra. Furthermore, PAT1 was irradiated with 5 krad but this did not produce the peak.
These results show the ability of transferring electrons to the g = 2.0003 peak during drilling. In the same time grinding by hand in a mortar, although producing the same defects, does not provide enough energy to activate the hidden ones, so they cannot transfer a measurable number of electrons. However, when the piece is given 400 krad and then ground in a mortar the g = 2.0003 peak develops suggesting that, when the concentration of trapped electrons in the hidden defects becomes appreciable, the probability of activation and transferring increases even with the lighter mechanical treatment of grinding by hand.
As the peak at g = 2.0003 proved to be stable enough to exist even after some centuries, its absence from the EPR spectra of these samples must have a different reason. A possible explanation is that the defected grains have been leached away, although the surface does not appear weathered and the marks of polishing are still clearly seen. It is also possible that formation of micrites34 has occurred during the centuries on the marble surface, which has decreased the percentage of defected grains and weakened the signal of the peak.
It is hoped that as the investigation of ancient polished surfaces continues these matters will be clarified.
VI. CONCLUSIONS
The isothermal experiments [Figs. 6 (a) and 6 (b)] proTwo intense effects have been observed and investivide some further support for the model proposed above. gated in the EPR spectra of drilled marble samples. A pair The flattening part of the curves with prolonged heating at of very close peaks at g = 2.0003 and g = 1.9997 develop, 192 and 275 "C can be interpreted as due to the feeding of probably of the same electron center, and the intensity of the g = 2.0003 peak with electrons from the same hidden the Mn' + sextet decreases significantly.
The kind of drill bit used-or the speed of drilling do not differentiate the two effects significantly. Heating or oxidation of the freshly exposed surfaces are both excluded from possible causes. However, high static pressure can cause both effects.
The appearance of the peak pair (g = 2.0003 and g = 1.9997) is caused by the creation of point defects with the mechanical action and their simultaneous filling from another preexisting "hidden" defect, which is activated also by the same mechanical action.
The decrease of Mn2 + is due to crystal damage caused by high localized pressure developing during drilling which most probably causes the knocking out of Mn2 + ions from their normal crystal sites.
0 The two phenomena, created by the same mechanical action, are completely independent and can occur separately. It has also been found that these phenomena are not only superficial but can progress, especially the effect on Mn", down to considerable depths (more than 20 pm) below the grain surface. For this reason the effect of drilling on the EPR spectrum of marble cannot be easily. removed by acid etching.
The same defects responsible for the peaks at g = 2.0003 and g = 1.9997 are also created by gentle mechanical action, such as grinding or polishing, but the concentration is far less. However, intense mechanical action is necessary in order to fill these defects and produce the peaks. They can also be filled independently by y irradiation.
Another pair of defects at g = 2.0069 and g = 2.0059 is also created in marble by working but it is never filled simultaneously. Irradiation is necessary for these peaks to develop.
The large decrease of Mn2 + in the drilled sample of marble can cause erroneous results in the characterization and provenance of ancient monuments and artifacts. Since the drilling action is uncontrollable, complete abandonment of sampling with a drill is recommended.
Finally, the polished marble surfaces are potential monitors of the degree of polishing and the total radiation dose received (i.e., burial in soils with different amounts of radioactivity and for different times). However, the storing and preservation of the received dose depends on many factors not yet fully investigated.
